Ultrastructural changes in gill chloride cells during smoltification were examined in wild and hatchery-reared masu salmon. On the filament, two types of chloride cells (a and b) and accessory cells were observed in wild fish from January (parr) to May (full-smolt), while only a and accessory cells (a-a cells) were observed in hatchery-reared fish from March (pre-smolt) to May (full-smolt). Among a-a cells of both types of fish, development of rough endoplasmic reticulum (ER) and Golgi apparatus was detected in pre-smolt before full-smolt. However, ultrastructural changes were not revealed in b cells of wild fish during smoltification. During smoltification, the a-a cell number increased and b cell number decreased. On the lamella, only one type of chloride cell was observed in both wild and hatchery-reared fish during smoltification. Their ultrastructural changes were almost the same as those in filament a-a cells, and their number declined during smoltification. Although there was almost no difference between changes in ultrastructure or in the number of chloride cells in both wild and hatchery-reared fish during smoltification, the chloride cell number of hatchery-reared fish varied widely in comparison to that in wild fish. The present study is the first report for wild salmonids of ultrastructural changes in gill chloride cells during smoltification, and indicated that there were some ultrastructural differences between gill chloride cells of wild masu salmon and hatcheryreared fish.
INTRODUCTION
The masu salmon is an important resource for coastal fisheries in Hokkaido. However, natural stocks of masu salmon are currently very scarce. Therefore, fisheries have become largely dependent on the release of hatchery-reared fish, but this effort is not always successful. 1 One cause of this problem is that it is difficult to determine the appropriate time to release hatchery-reared fish. To solve this problem, it is necessary to understand more fully the biological characteristics of masu salmon, which are not currently well understood.
Anadromous salmonids, including masu salmon, migrate to the sea after they undergo smoltification, a complex series of behavioral, morphological, physiological and biochemical changes that transform the bottomdwelling freshwater parr into a seaward migratory smolt. 2 Smoltification makes it possible to keep the internal medium of the fish fairly constant in spite of a wide variation in osmolarity of the external environment. Accordingly, anadromous salmonids are able to adapt to both freshwater and seawater environments. Chloride cells located in the gills play the main role in the ionic exchange required for teleost osmoregulation. 3, 4 Gill chloride cells are thought to be responsible for ion secretion in seawater and for active branchial ion absorption in a hypoosmotic environment. 5 Many reports on the ultrastructure of chloride cells have been made, and it is well known that chloride cells contain numerous mitochondria and an extensive intra-
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Ultrastructural changes in gill chloride cells during smoltification in wild and hatchery-reared masu salmon
Oncorhynchus masou Shinya citrate (TAAB, USA) and examined at 75 kV with an electron microscope (H 7000, Hitachi, Japan). In ultrastructural observation, filament chloride cells were divided into three types according to Pisam and Rambourg. 7 The first filament chloride cells which were observed in the basal portion of lamellae and were stained faintly were regarded as a cells. In contrast, second filament chloride cells which were located in the interlamellar region and were never associated with the pillar capillary were considered b cells. Other filament chloride cells which were commonly in contact with a cells and were more darkly stained than that of a cells were considered as accessory cells. All chloride cell numbers were counted at 100 points on the interlamellae region as being filaments and the free surface of lamellae as being the lamellar region from three individuals at random according to Ura et al.
13
Data analysis
One-way analysis of variance followed by the StudentNewman-Keuls' multiple range test was conducted for the number of chloride cells between the wild fish and the hatchery-reared fish. The P values <0.05 were regarded as significant. Comparison of the deviations in chloride cell number between wild fish and hatcheryreared fish was examined by F-test (P < 0.05).
RESULTS
Ultrastructural observations of gill chloride cells in masu salmon
In wild fish, both a and b cells and accessory cells were observed among filament chloride cells from January (parr) to May (full-smolt), while only a-a cells were observed in hatchery-reared fish from March (pre-smolt) to May (full-smolt). The a cells were located at the base of lamellae near the pillar capillary, and their cytoplasm was lightly stained. Their apical surface was endowed with short microvilli. Mitochondria and a tubular system, i.e. a membranous system continuous with a basolateral plasma membrane, were thinly distributed in the cytoplasm in both wild and hatchery-reared fish ( Figs  1a,b) . In contrast to a cells, b cells were observed only in wild fish. The b cells were commonly found in the interlamellar region with darkly stained cytoplasm and they were never associated with the pillar capillary. Many tubular systems were found in their cytoplasm (Fig. 1a) . Accessory cells, i.e. those believed to be immature a cells, were occasionally associated with a cells, and their cytoplasm had a higher electron density than the cytoplasm of a cells (Figs 1a,b) . Among both wild and hatchery-reared fish, tubular systems developed extensively to form a tight network of anastomosed cytoplasmic membranous tubular system that is an expansion of their basolateral plasma membrane. 6, 7 In the gill epithelium of euryhaline freshwater adapted fishes, two types of filament chloride cells (a and b cells) and accessory cells, which are thought to be immature a cells, can be distinguished on the basis of their respective locations and ultrastructural features.
7 Until now, ultrastructural changes in gill chloride cells during smoltification have been reported only in hatcheryreared coho and Atlantic salmon. [8] [9] [10] In wild salmonids, ultrastructural changes in gill chloride cells during smoltification have not been demonstrated.
The present study examined ultrastructural changes in gill chloride cells during smoltification of wild masu salmon. In addition, the changes were compared with those of hatchery-reared masu salmon.
MATERIALS AND METHODS
Fish
Yearling wild masu salmon were collected monthly from the Kenichi River, Kumaishi, Nishi, Hokkaido, Japan, by either a cast net or an electric shocker (Benkei Turbo; Frontier Electric, Japan) from January 1995 (parr) to May 1995 (full-smolt). Yearling hatchery-reared masu salmon originally from Shiribetsu River were obtained from the Toppu Hatchery, Otobe, Nishi, Hokkaido, Japan. The fish were maintained in outdoor concrete ponds supplied with a continuous flow of river water at ambient temperature and a natural photoperiod. They were sampled monthly from March 1994 (pre-smolt) to May 1994 (full-smolt). Following anesthesia of fish, gill arches were dissected out for observation of gill chloride cells. The age of the fish was judged from the ridges of the scales.
Ultrastructural studies
The gill lamella was separated from sampled gill arches and cut into small pieces. Pieces were prefixed with 2% paraform aldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer (28 mM NaH 2 PO 4 ·2H 2 O 72 mM Na 2 HPO 4 ·12H 2 O) for 24 h at 4°C and were postfixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide for 2 h at room temperature. 11 The potassium ferrocyanide reduced osmium technique makes it possible to easily distinguish the tubular system from the endoplasmic reticulum (ER) in gill chloride cells. 12 Fixed tissues were dehydrated in acetone and were embedded in Epon 812 (Oken, Japan). Ultrathin sections running parallel to the long axis of the filament and sections perpendicular to the lamella were cut with a diamond knife (Sumiknife; Sumitomo Electric, Japan) and were stained for 10 min with uranyl acetate and 2 min with lead
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membranous tubules in a-a cells during smoltification. Endoplasmic reticulum and Golgi apparatus were observed from January (parr) to May (full-smolt). The greatest development of ER and Golgi apparatus was found in a-a cells at pre-smolt (March) before full-smolt (May) in both wild and hatchery-reared fish ( Fig. 2a-c) . On the surface area of a-a cells in both wild and hatchery-reared fish, dark apical vesicles were scarcely observed in January (parr) (Fig. 3a) , whereas they were abundant in May (full-smolt) (Fig. 3b ). In the section near the central venous of both the wild and hatcheryreared fish, few immature chloride cells were observed in January (parr) (Fig. 3c) , while many immature chloride cells were observed in contact with a or accessory cells in May (full-smolt) (Fig. 3d) . In contrast to a cells or accessory cells, ultrastructural changes were not conspicuous in b cells during smoltification.
In lamellae, only one kind of flat lamellar chloride cell was found from January (parr) to May (full-smolt) in wild fish, and found from March (pre-smolt) to May (fullsmolt) in hatchery-reared fish. Their cytoplasm was lightly stained and ultrastructurally identical to filament a cells. Their mitochondria and tubular systems were thinly distributed in their cytoplasm, and most of the free and Fig. 5b shows changes in lamellar chloride cell number during smoltification in both fish. In wild fish, the number of filament a cells, including accessory cells, was 1.79 ± 0.12 in January (parr), and gradually increased to 3.82 ± 0.19 in May (full-smolt), indicating a significantly lower value in January than that in May (P < 0.05). Filament b cell number was maintained between 0.55 ± 0.04 and 0.60 ± 0.05 from January (parr) to March (pre-smolt), and thereafter decreased until May (full-smolt) (0.12 ± 0.02), with the May value being significantly lower than the January value (P < 0.05). Total filament chloride cell (a-a and b cells) number increased progressively from January (2.37 ± 0.20) (parr) and reached maximum levels in May (3.94 ± 0.21) (fullsmolt), for a significant increase between January and May values (P < 0.05). These changes almost entirely surface of the flat lamellar cells was covered with pavement cells in January (parr) (Fig. 4a) . In May (fullsmolt), lamellar chloride cells enlarged and were observed only at the base of the lamella. Their free surface was not covered with pavement cells in May (full-smolt) (Fig. 4b) . As filament a-a cells, their tubular systems were developed extensively in May (full-smolt) compared to January (parr) (Fig. 4a,b) . Moreover, in lamellae, immature chloride cells were never observed.
Changes in gill chloride cell number during smoltification Figure 5a shows changes in filament chloride cell number during smoltification in wild and hatchery-reared fish reflected those of filament a cell number. Lamellar chloride cell number was maintained between 2.21 ± 0.19 and 2.41 ± 0.08 from January (parr) to March (presmolt), and thereafter decreased until May (1.29 ± 0.10) (full-smolt). The value in May (full-smolt) was significantly lower than that in January (parr) (P < 0.05). In hatchery-reared fish, the filament a-a cell number increased significantly (P < 0.05) from March (presmolt) (2.79 ± 0.27) to May (full-smolt) (3.59 ± 0.41).
The lamellar chloride cell number decreased significantly (P < 0.05) from March (pre-smolt) (2.29 ± 0.21) to May (full-smolt) (1.49 ± 0.29). The degree of change in the chloride cell number of all types during smoltification of hatchery-reared fish was almost the same as in wild fish. However, in April, the filament a-a cell number of hatchery-reared fish (3.29 ± 0.46) varied widely (P < 0.05) among individuals in comparison to that in wild fish (3.21 ± 0.16). Moreover, in May, there were significant differences (P < 0.05) in variation among individuals between lamellar chloride cell number of Changes in lamellar chloride cell number during smoltification of (᭹) wild and (᭺) hatchery-reared masu salmon. Vertical bars represent the mean ± SE (n = 3). Significant difference at P < 0.05, from the value of January in wild fish or from the value of March in hatchery-reared fish. reared fish, which was the same as hatchery-reared fish used in the present study, during smoltification followed with those of wild fish reported by Ura et al. 13 and Ura et al. (Hokkaido University, unpubl. data). This physiological data and our ultrastructural observations indicate that the development of tubular systems is correlated with increases of gill Na + ,K + -ATPase activity in both wild and hatchery-reared masu salmon as in other salmonids.
The ER and Golgi apparatus in filament a-a cells were observed from January (parr) to May (full-smolt), and their development became especially noticeable in March and April (pre-smolt) before May (full-smolt). Lubin et al. 10 reported that the development of ER is closely related to increases of gill Na + ,K + -ATPase activity in hatchery-reared Atlantic salmon. However, the development of ER and the Golgi apparatus has already slowed in May in which time gill Na + ,K + -ATPase activity reached maximum levels as reported by Ura et al. 13 This result suggests that the synthesis of protein, which is essential for the development of seawater adaptability, is already completed before seawater adaptability reached maximum levels in masu salmon which differs from previous findings for Atlantic salmon. 10 Another notable ultrastructural change in filament aa cells was that dark apical vesicles were markedly apparent in May (full-smolt) in both wild and hatchery-reared fish. Pisam et al. 9 reported that apical vesicles called dense bodies were observed in large cells that could be considered to be a cells of both Atlantic salmon parr and smolt. Furthermore, Lubin et al. 10 revealed that apical vesicles were markedly apparent during the shift from freshwater to seawater in Atlantic salmon. However, these reports never describe changes in apical vesicles during smoltification. Therefore, our study newly indicates that dark apical vesicles increased during smoltification in masu salmon. Details on the function of apical vesicles in a freshwater or seawater environment are unclear at present. Future studies are necessary to elucidate the function.
In the basal portion of the filaments of both wild and hatchery-reared fish, the appearance of many cells that could be considered immature chloride cells was mainly observed in May (full-smolt). Uchida and Kaneko 18 revealed that new differentiated chloride cells appeared in close proximity to the central venous sinus using 5-bromo-2'-deoxyuridine (BrdU) in chum salmon. The portion in which many immature chloride cells were observed in the present study was the same as that of BrdU-labeled cells. This agreement provides evidence that the turnover of filament chloride cells begins in the basal portion of the filament. Further, proliferation of immature chloride cells during smoltification suggests that chloride cell turnover is more accelerated in May (full-smolt) than in January (parr) in masu salmon.
In addition to these ultrastructural changes in filament chloride cells, filament a-a cell numbers increased hatchery-reared fish (1.49 ± 0.29) and that of wild fish (1.29 ± 0.08).
DISCUSSION
In the present study, three types of chloride cells (a, b and accessory cells) were clearly identified in the filament of wild masu salmon. The result indicates that the three types of chloride cells reported previously in hatchery-reared Atlantic salmon exist in filaments of wild masu salmon. 9 In contrast to wild masu salmon, in hatchery-reared masu salmon, only a-a cells were observed and b cells were not. However, b cells are generally accepted to be a freshwater-type cell. 7 In fact, Pisam et al. 9 showed b cell number decreased during smoltification in Atlantic salmon with development of seawater adaptability. In support of this theory, the number of b cells in wild fish decreased during smoltification in the present study. Yet, our result in hatchery-reared fish may indicate that the presence of b cells is not always a feature of freshwater-adapted fish, contrary to the established theory. Avella et al.
14 and Laurent et al. 15 noted a proliferation of chloride cells in response to low ion content in freshwater. These data may suggest that the characteristics of freshwater control the presence of the b cell. Furthermore, the strain of hatchery-reared fish was different from that of wild fish in the present study. On this point, it is thought that the difference in the strain may affect the existence of b cells. However, the actual reasons for an absence of b cells in the filament of hatchery-reared fish remained unclear in the present study.
Our observation of filament chloride cells demonstrated that a tightly meshed network of tubular systems was spread throughout a-a cells of both wild and hatchery-reared fish from March (pre-smolt) to May (full-smolt). Pisam et al. 9 and Lubin et al. 10 reported that tubular systems markedly developed during smoltification in hatchery-reared Atlantic salmon. Our result and the prior results suggest that tubular systems develop in filament chloride cells during smoltification in all salmonids. Moreover, Hootman and Philpott 16 indicated that Na + , K + -ATPase, which is a key enzyme in the development of seawater adaptability, is localized on the cytoplasmic membrane of the tubular system by investigation of ultracytochemical localization of potassiumdependent nitrophenyl phosphatase which functions with Na + , K + -ATPase. Therefore, an increase in gill Na + ,K + -ATPase activity has been considered to be closely implicated in the development of tubular systems. 7, 9, 10, 17 Ura et al. 13 reported that gill Na + ,K + -ATPase activity was maintained at low levels from January (parr) to March (pre-smolt), and thereafter dramatically increased and reached a maximum level in May in the wild masu salmon which was the same as wild masu salmon used in the present study. Moreover, we have already clarified that changes in gill Na conspicuously during smoltification. A previous study indicated that the number of large cells similar to a cells increased during smoltification in Atlantic salmon. 9 Our data were consistent with this result. Another notable finding was that the a-a cell number in hatchery-reared fish varied widely between individuals compared to that in wild fish in April. This phenomenon was also found in the lamellar chloride cell number in May. Shrimpton et al. 19, 20 reported that repeated artificial hatching reduced seawater adaptability of hatchery-reared fish in coho salmon. Therefore, our data may suggest that the variation of a cell number in hatchery-reared fish occurred in some fish because seawater adaptability was insufficiently developed in hatchery stock. Moreover, total filament chloride cell number increased during smoltification in wild fish, reflecting changes in a cell number. Ura et al. 13 examined changes in filament chloride cell number during smoltification of wild fish which was observed in the present study by immunohistochemical analysis using a specific antibody against the Na + ,K + -ATPase a-subunit. Although changes in filament chloride cell number in their report reflected the data of our study, they reported a slightly lower count than in our study. The same phenomenon was also found in lamellar chloride cell number. These differences may be caused by the difference in observation method or because the specific antibody against the Na
In the lamella of both wild and hatchery-reared fish, only one type of chloride cell was observed in the present study. In contrast, some previous studies showed that two types of lamellar chloride cells existed in coho salmon or rainbow trout. 8, 14 However, it is still unclear whether lamellar chloride cells can be divided into two types at present. Lamellar chloride cells increased in volume and their tubular system developed at the base of the lamella during smoltification in both wild and hatchery-reared fish. Ura et al. 13 showed that lamellar chloride cell size increased during smoltification in wild masu salmon, a result consistent with findings of our present study. The ultrastructure of the lamellar chloride cell has been observed in some studies, but intracytoplasmic ultrastructural changes during smoltification have not been reported. Accordingly, our study clarified that tubular systems developed in lamellar chloride cells at the base of the lamella during smoltification as in filament a-a cells. Significantly, lamellar chloride cells were similar to filament a cells ultrastructurally and immature chloride cells were never observed in lamella in the present study. These results indicate a possible origin of lamellar chloride cells as filament chloride cells. Hirai et al. 21 reported that chloride cells migrated from filament to lamella transferring from seawater to freshwater in Japanese sea bass. However, in the present study, masu salmon are not always transferred from seawater to freshwater. Therefore, we are not able to place filament a cells and lamellar chloride cells in the same class completely. Lamellar chloride cell number decreased during smoltification in both wild and hatchery-reared fish. Pisam et al. 9 and Uchida and Kaneko 18 showed that lamellar chloride cells are associated with freshwater adaptation, since lamellar chloride cell number was reduced during transfer from freshwater to seawater in Atlantic salmon or chum salmon fry. Our results suggested that lamellar chloride cells had a close relation to freshwater adaptation.
In summary, the present study indicated that ultrastructural changes take place in gill chloride cells during smoltification in wild and hatchery-reared masu salmon. In a-a cells in the filament, development of ER and Golgi apparatus was observed at pre-smolt in both wild and hatchery-reared fish. The data suggest that synthesis of the principal protein related to development of seawater adaptability is completed before full-smolt. Moreover, it became clear that apical vesicles increased during smoltification in masu salmon and that tubular systems developed in lamellar chloride cells as in filament a-a cells. Both data on filament and lamellar chloride cell number showed that gill chloride cell number of hatchery-reared fish varied widely among individuals compared to wild fish. This result presents the possibility that there are some fish in which seawater adaptability develops insufficiently among hatchery-reared stock. In order to achieve the best hatchery-reared stock, it is necessary to mate new wild strains with hatchery-reared strains. Furthermore, proliferation of apical vesicles and development of tubular systems are thought to be good indicators for determining the appropriate time to release seed of masu salmon, since they synchronize with the development of seawater adaptability in wild fish.
